I. Neuronal expression of sodium/bicarbonate cotransporter NBCn1 (SLC4A7) and its response to chronic metabolic acidosis. The sodiumbicarbonate cotransporter NBCn1 (SLC4A7) is an acid-base transporter that normally moves Na ϩ and HCO 3
In contrast to soma, acid extrusion at synapses is not well understood. Experiments using synaptosomes show the presence of NHE (25, 34) . We have previously demonstrated that the electroneutral Na-HCO 3 cotransporter NBCn1 (SLC4A7), which moves Na ϩ and HCO 3 Ϫ into the cell without Cl Ϫ , is localized to both the soma and dendrites in primary cultures of rat hippocampal neurons (10) . NBCn1 localization in dendrites partially overlaps with PSD-95 localization, indicating the presence of the transporter at excitatory synapses in addition to other areas of the cell membrane. In the brain, NBCn1 is detected in a variety of regions by immunoblot (7) and choroid plexus epithelia by immunohistochemistry (30) The ␤-galactosidase staining of mice with the LacZ gene trap shows prominent expression of NBCn1 in neurons in many brain regions (5) . It is unclear whether NBCn1 is present at synapses, where the effect of pH on neuronal activity is tremendous (8) .
NBCn1 is sensitive to cellular and systemic pH changes. In the thick ascending limb of the kidney, the transporter is markedly upregulated during chronic metabolic acidosis (23, 26) . This observation led the authors of the papers to propose a model in which excessive H ϩ load caused by acidic luminal pH stimulates tubule cells to enhance HCO 3 Ϫ influx via NBCn1. On the other hand, recent reports show that NBCn1 expression is reduced during chronic metabolic acidosis mediated by urinary tract obstruction (41) as well as by calcineurin inhibition (24) . The effect of chronic metabolic acidosis on NBCn1 in the kidney is thus still controversial. In the brain, NBCn1 appears to be upregulated under acidic environments. Kanaan et al. (18) have reported that the acid-extruding proteins such as NBCn1 and NHE in the neonatal rat cortex are stimulated by chronic elevated PCO 2 . It is not known whether NBCn1 in the brain is similarly affected by chronic metabolic acidosis.
In the present study, we examined NBCn1 localization in the brain and its response to systemic acid load by asking two questions: whether NBCn1 can be localized to excitatory synapses in hippocampal neurons and whether transporter expression is stimulated by chronic metabolic acidosis. To address these questions, we performed immunohistochemistry of rodent brains with NBCn1 antibodies. Chronic metabolic acidosis was induced in rats, and NBCn1 expression levels were determined. We also examined the effect of N-methyl-D-aspartate (NMDA) administration to these rats on neuronal death. Our data show that NBCn1 is present at excitatory synapses in addition to other areas of the cell membrane and its expression is dynamically affected by systemic acid load.
MATERIALS AND METHODS

Antibodies
The affinity-purified NBCn1 antibodies were made by a custom production service (Covance; Princeton, NJ). The peptides corresponding to the COOH-terminal 14 amino acids of rat NBCn1 (GenBank accession number NM_058211) were cross linked to bovine serum albumin and injected into a rabbit and a guinea pig. The antibodies were affinity-purified using Protein A/G-Sepharose column. For antibody specificity, the affinity-purified antibodies were preabsorbed with the antigenic peptides (0.1 mg/ml) at room temperature for 1 h before incubating the immunoblot membranes with primary antibodies. Presera were also used for controls in parallel experiments.
Immunoblot
Rat brains were dissected and hippocampi were isolated as described by Chen et al. (7) with slight modification. Tissues were homogenized in 300 mM mannitol, 5 mM HEPES (pH 7.2), 0.1 mg/ml phenylmethanesulfonyl fluoride, and 1ϫ protease inhibitor cocktail I (Calbiochem; San Diego, CA). The homogenates were centrifuged at 3,000 g for 10 min and then at 100,000 g at 4°C for 1 h to obtain membrane pellets. The pellets were dissolved in phosphate-buffered saline (PBS), and protein concentration was determined using the Bradford reagents (Sigma-Aldrich; St. Louis, MO). Equal amounts of proteins were loaded on a 4 -10% SDS polyacrylamide gel, separated, and blotted to a nitrocellulose membrane. The blot was incubated with the rabbit NBCn1 antibody (1:500) overnight in PBS containing 0.05% Tween 20 and 5% nonfat dry milk. The blot was washed and then incubated with the horseradish peroxidaseconjugated anti-rabbit IgG (1:5,000; Millipore) for 1 h. The immunoreactivity was visualized by ECL chemiluminescence (GE Healthcare; Chicago, IL). For PSD-95 and NR2A, the blot was incubated with the mouse PSD-95 antibody (1:500; Millipore) or rabbit NR2A (1:500; Millipore) for 2 h and then with the horseradish peroxidase-conjugated anti-mouse or anti-rabbit IgG (1:5,000; Millipore) for 1 h. The blot was stripped and reprobed with the ␤-actin antibody (1:500; Millipore). Quantitative measurements of NBCn1 and ␤-actin were achieved by using ImageJ software (NIH). The mean pixel intensity of NBCn1 or ␤-actin was measured by positioning a box around the protein band and subtracting background. A control blot with a series of different amounts of rat brain lysates showed the linear function of the NBCn1 intensity (supplemental data).
Immunohistochemistry
Immunoperoxidase immunostaining. Staining was done as described by Wang et al. (40) with slight modification. Briefly, rats were perfused with ice-cold 4% paraformaldehyde, and brains were dissected and postfixed in the same solution overnight. Brains were embedded in paraffin and sliced with 5-m thickness. Sections were deparaffinized with xylene and hydrated in a series of ethanols (95%, 70%, 50%, 30%, and 0% for 2 min each). The sections were heated in 10 mM sodium citrate buffer (pH 6.0) in a microwave oven for 10 min to retrieve antigen, and endogenous peroxidase was quenched with 0.3% hydrogen peroxide for 30 min. The sections were washed in PBS containing 0.1% Tween 20 for 15 min and blocked with 10% normal goat serum for 1 h. The sections were incubated with the rabbit NBCn1 antibody (1:30) at 4°C overnight and, after being washed, were incubated with biotinylated goat anti-rabbit IgG (1:67) (Vector Laboratories; Burlingame, CA) and then with the avidin-horseradish peroxidase complex Vectastatin Elite ABC kit (1:300) (Vector Laboratories) for 1 h each. The sections were stained using the DAB substrate kit (Zymed Laboratories; San Francisco, CA) and mounted with Histofix (Histolab; Göteborg, Sweden). The slides were observed under the Zeiss Axiovert 135 microscope (Oberkochem, Germany) using a Plan Neofluar ϫ16 and ϫ40 lens (numerical aperture 0.75).
Immunofluorescence. Brains from mice (ICR) were fixed with 4% paraformaldehyde, dehydrated in 30% sucrose, and embedded in OCT. Brains were sliced with 30-m thickness, and sections were stored in 30% ethylene glycol and 30% glycerin at 4°C. Sections were washed in PBS containing 0.1% Tween 20, blocked with 10% normal donkey serum at 37°C for 1 h, and then incubated with the guinea pig NBCn1 antibody (1:20) at 4°C overnight. The secondary antibody was the goat Texas red-conjugated anti-guinea pig IgG (1:200; Jackson ImmunoResearch; West Grove, PA) for 1 h. Immunofluorescence of HEK-293 cells expressing rat NBCn1 was done as previously described (10) . For confocal fluorescence microscopy, primary antibodies were the rabbit NBCn1 antibody (1:100) and the mouse PSD-95 antibody (1:100), and secondary antibodies were Alexa 488 anti-rabbit IgG (1:500; Invitrogen; Carlsbad, CA) and Alexa 594 anti-mouse IgG (1:500; Invitrogen) for 1 h. The sections were mounted onto gelatin-coated slides with Vectashield (Vector Laboratories) and covered with coverslips. Immunofluorescence images were visualized using a Zeiss Axiovert 135M and an Olympus Fluoview FV1000 confocal microscope using a UPLFLN ϫ40 and ϫ100 lens (numerical aperture 1.3). Images were acquired and analyzed using Olympus software.
Quantification of Immunohistochemical Images
Quantification was made using the protocol we previously described (11) with slight modification. Briefly, images (ϫ40) were analyzed using ImageJ software (NIH). Images were converted to a gray scale, and the pixel intensity was calibrated by setting the display value ranging from 0 (white) to 255 (black). The threshold level for detection was selected by viewing histograms and adjusted to distinguish the intensity of the labeling and the nonspecific background. The threshold level remained constant for all images to validate comparisons between images for controls and acidotic samples. The pixel intensity of the labeling was determined by randomly positioning boxes (700 square pixels) around the labelings at different locations on the image. For hippocampal pyramidal neurons and dentate gyrus granular neurons, cell body membranes and proximal dendrites were selected for analysis. For posterior cortical neurons and cerebellar neurons, cell bodies were selected. Background was determined by positioning boxes in the area where there was no neuron.
Glutathaione S Transferase Pull-Down Assay
Glutathaione S transferase (GST)/NBCn1 was constructed by subcloning the nucleotides for the COOH-terminal 26 amino acids of rat NBCn1 into pGEX-4T (GE Healthcare). GST-NBCn1 and GST proteins were purified from bacteria using glutathione-Sepharose 4B beads (GE Healthcare) according to the manufacturer's protocol and resuspended in PBS containing 0.5% Nonidet P-40 and protease inhibitors. The equal amounts of GST fusion protein and GST only were incubated with brain rat lysates for 4 h. Beads were washed with ice-cold PBS containing 0.5% Nonidet P-40, and proteins were dissociated from beads by adding the SDS sample buffer. Samples were subjected to immunoblot with the PSD-95 antibody.
Coimmunoprecipitation
Rat brain lysates were preincubated with Protein A/G gel agarose (Calbiochem) in the buffer (20 mM HEPES, pH 7.4, 100 mM NaCl, 0.5% Triton X-100, and 0.2% sodium deoxycholate) at 4°C for 20 min. Beads were removed by gentle centrifugation at low speed, and lysates were incubated with the mouse PSD-95 antibody at 4°C with gentle rotation overnight. Controls were mouse IgG (Millipore). The beads were washed five times with ice-cold lysis buffer, and the bound proteins were eluted with the SDS-PAGE sample buffer. Immunoprecipitated protein complexes were resolved on 7.5% SDS-PAGE and subjected to immunoblot analysis with the NBCn1 antibody.
Real-Time PCR
Total RNAs from rat hippocampi were isolated using TRIzol (Invitrogen) and in vitro transcribed with random hexamers. Primers for real-time PCR were designed based on rat NBCn1. Primer sequences were GACTCCATAAGGGAGAATGTTCGAGAAGCT (forward) and CATCTCCGTGAAGAGGTCGTGGGGAATGTG (reverse). An internal control was rat glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Primers for GAPDH were TGGCCTTCCGT-GTTCCTACC (forward) and TGTAGGCCATGAGGTCCACCAC (reverse). Real-time PCR was done with 200 nM of primers and 100 nM of a SYBR Green fluorescence probe (Sigma-Aldrich). PCR was performed at 95°C, 60°C, and 68°C (30 s each) for 40 cycles with the TaqMan PCR core reagent kit using iCycler (Bio-Rad; Hercules, CA). The annealing temperature was determined based on the melting temperature for primers. A serial dilution of the plasmid containing NBCn1 or GAPDH was amplified to generate a standard curve. The cycle threshold (i.e., the PCR cycle number at which exponential fluorescence is first detected) was obtained and fitted to the standard curve to obtain the amount of NBCn1 or GAPDH template. The NBCn1 value was normalized to the GAPDH value.
Chronic Metabolic Acidosis
Adult Sprague-Dawley rats (weighing 160 -185 g) were purchased from Charles River Laboratories (Wilmington, MA) and housed under a 12:12 h light/dark cycle. Metabolic acidosis was induced as described by Klein et al. (22) . Briefly, 4 -6 rats were fed with a 50:50 mixture of normal chow and 0.8 M HCl (wt/vol) with free access to water for 7 days. Controls were pair-fed with a 50:50 mixture of normal chow and water. Urine was collected during the final 24 h of the protocol. At the end of the feeding period, rats were euthanized and their plasma was collected for plasma chemistry analysis of arterial blood pH, PCO2, and HCO 3
Ϫ . Arterial blood gas was measured immediately after animal euthansia to minimize a potential artifact of high PCO2. The measurement was done by using a blood gas analyzer Opti 1 (AVL Scientific; Roswell, GA). Urine osmolality was determined by using a vapor pressure osmometer (Wescor; Logan, UT). Experiments were done three times. For NMDA experiment, rats fed with normal and acidic chow for 7 days were intraperitoneally injected with NMDA (75 mg/kg body wt) or none in PBS. Hippocampi were collected 3 days after injection and subjected to caspase-3 activity assay. All experiments were conducted under the NIH guideline for research on animals and the protocols were approved by the Institutional Animal Care and Use Committee at Emory.
Caspase-3 Activity
Caspase-3 activity was measured as described by Park et al. (27) . Briefly, rat hippocampi were isolated 3 days after NMDA injection and lysed with homogenization buffer. Lysates were incubated with the caspase substrate N-acetyl-Asp-Glu-Val-Asp-p-nitroanilide (Ac-DVED-pNA) at 37°C overnight using a Caspase-3 Assay Kit (Sigma-Aldrich) according to the manufacturer's protocol. The production of p-nitroanilide released from the substrate was measured by the absorbance at 405 nm. Controls were incubations of purified caspase-3 without lysates in the absence and presence of the inhibitor Ac-DVED-CHO.
Statistical Analysis
Data were reported as means Ϯ SE. Levels of significance were assessed using the unpaired, one-tailed Student's t-test for comparison between control and acidotic rats. The P value of Ͻ0.05 was considered significant. Data were analyzed using Microsoft Office Excel 2003 and Origin 8.1 software (OriginLab; Northampton, MA).
RESULTS
Characterization of New NBCn1 Antibodies
We generated new anti-NBCn1 antibodies by immunizing a rabbit and a guinea pig with the peptides corresponding to the cytoplasmic COOH-terminal 14 amino acids of rat NBCn1. This amino acid sequence is uniquely present in NBCn1 and its antigenic ability has been previously confirmed by other investigators (4, 10, 12, 29) . To further confirm the specificity, we performed immunoblot of membrane preparations from rat brain by probing with the affinity-purified rabbit NBCn1 antibody (Fig. 1A) . The antibody recognized a major band of 130 kDa. The antibody also detected a band of ϳ250 kDa that is probably a dimeric formation of the transporter, similar to that for the electrogenic Na-HCO 3 cotransporter NBCe1 (19) . The detection of this higher molecular weight band varies depending on the amount of SDS in the sample buffer (Han Soo Yang, unpublished observation). Preimmune serum did not detect the bands. The specificity of the antibody was confirmed by preabsorption with the peptides, which did not detect immunoreactive bands. Figure 1B shows the characterization of the affinity-purified guinea pig NBCn1 antibody. The antibody recognized a band of 130 kDa in a plasma membrane preparation from rat hippocampus. Preimmune serum or preabsorption with the peptides did not detect the band. The band in preimmune serum is nonspecific. Furthermore, the antibody labeled plasma membrane of cells transfected with the neuronal splice variant NBCn1-E (Fig. 1C ). Control cells transfected with vector only did not show immunofluorescence. 
NBCn1 Expression in Rat Brain
We examined NBCn1 localization in the rat brain by immunoperoxidase immunohistochemistry using the rabbit antibody. NBCn1 staining was strong in the hippocampal pyramidal layer and the dentate gyrus granular layer ( Fig. 2A) . The staining in the pyramidal layer was throughout the CA1-CA4 regions (data not shown). In CA3 neurons, the staining was prominent in cell bodies and proximal dendrites in stratum lucidum. In dentate gyrus, the staining was detected in granular neurons and processes in the polymorphic layer. In other brain regions, NBCn1 staining was detected in the multiple layers of posterior cortex, cerebellar Purkinje neurons, and choroid plexus. The staining in Purkinje neurons was restricted to membrane, whereas the staining in the molecular layer was in puncta. The staining in choroid plexus was localized to the basolateral membrane of the epithelium, consistent with the report by others (30) . Controls without the primary antibody showed negligible staining. Figure 2B shows immunofluorescence immunochemistry using the guinea pig NBCn1 antibody. The NBCn1 immunofluorescence patterns were similar and comparable to the chromogenic labeling patterns in many brain regions.
NBCn1 Localization in Hippocampal CA3 Neurons
In primary cultures of rat hippocampal neurons (10, 11) , NBCn1 localization partially overlaps with PSD-95 localiza- Fig. 2 . NBCn1 localization in rat brain. A: immunoperoxidase immunochemistry for NBCn1 in rat brain. Brain slices were stained with the rabbit NBCn1 antibody. Images were taken from pyramidal CA1 and CA3 regions (CA1 and CA3), dentate gyrus (DG), posterior cortex (PC), cerebellum (CB), and choroid plexus (CP). The staining without the primary antibody served as a control (Con). SR, stratum radiatum; SO, stratum oriens; SL, stratum lucidum; SM, stratum moleculare; ML, molecular layer; GL, granular layer; P, Purkinje cells. Arrows are basolateral membranes of CP epithelia. Bars represent 50 m. The bar for CA1 applies to the other 5 panels. B: immunofluorescence immunochemistry for NBCn1 in rat brain. Brain slices were labeled with the guinea pig NBCn1 antibody and then with the Texas red-conjugated goat anti-guinea pig IgG. Images were taken from CA3, CB, and olfactory bulb (OB). Bar: 100 m. tion in dendrites (10) . To test this colocalization, we performed double labeling of NBCn1 and PSD-95 in the hippocampus of the mouse brain. Figure 3 shows confocal images of Alexa 488-labeled NBCn1 (green) and Alexa 594-labeled PSD-95 (red) in CA3 neurons. NBCn1 immunofluorescence was prominently detected in dendritic processes. Cell body membranes were also positive for NBCn1. In contrast, PSD-95 immunofluorescence was found in puncta in dendrites, consistent with the report by others (17) . The PSD-95 immunofluorescence in the cell body was dispersed in the cytosol but not on plasma membranes. The double label of PSD-95 and NBCn1 showed that punctuate PSD-95 labelings were frequently overlapped with NBCn1 labelings in dendrities, thus giving a yellow color when two images were merged (Fig. 3F) . However, the overlap between the two labelings was negligible in cell bodies (Fig.  3I) . These data indicate that NBCn1 is found at excitatory synapses in addition to other areas of the cell membrane.
To further demonstrate colocalization of NBCn1/PSD-95, we used biochemical approaches in which the physical interaction between NBCn1 and PSD-95 was tested. NBCn1 has a PDZ-binding motif (the sequence is ETSL) at the COOHterminal end of the protein that can interact with other cellular proteins (28, 31, 32) . This led us to postulate that NBCn1 would cluster with PSD-95 in the postsynaptic density. In the pull-down assay (Fig. 4A) , rat brain lysates were incubated with the GST/NBCn1 fusion protein containing the COOHterminal 26 amino acids or GST only. Immunoblot revealed that PSD-95 was pulled down from brain lysates with GST/ NBCn1 but not with GST only. The incubation of GST/NBCn1 with lysates from Xenopus oocytes (negative control) did not show the band. In coimmunoprecipitation experiments (Fig.  4B) , rat brain lysates were incubated with the mouse anti-PSD-95 antibody and immunoprecipitates were examined with the NBCn1 antibody. NBCn1 was detected in the immunoprecipitates of lysates that were incubated with the PSD-95 antibody but not with the mouse IgG. A faint band in the mouse IgG is due to nonspecific binding even after vigorous washes of protein A/G beads. Together with the GST pull-down assay, this coimmunoprecipitation demonstrates that NBCn1 interacts with PSD-95 in the brain.
Induction of Chronic Metabolic Acidosis
To examine whether NBCn1 expression in the brain is affected by systemic acid loads, we performed experiments in which chronic metabolic acidosis was induced in rats by feeding 0.4 M HCl-containing chow for 7 days (22) . Rats were allowed to have free access to water, and control rats were pair-fed with normal chow. Table 1 shows plasma and urine chemistries of those rats. When compared with control rats, HCl-fed rats had significantly decreased arterial blood pH (pH 7.32 for controls and pH 7.18 for HCl-fed rats, P Ͻ 0.05, n ϭ 10 for each, combined from two separate experiments) and low serum [HCO 3 Ϫ ] (24.2 mM for controls and 16.3 mM for HCl-fed rats, P Ͻ 0.05). These decreases in pH and [HCO 3 Ϫ ] were similar to our previous report (35) . The arterial blood PCO 2 was insignificantly affected. The reason for this insignificant change is unclear, but we note that a similar HCl feeding protocol increases PCO 2 (35) . HCl-fed rats had significantly decreased urine pH due to increased acid excretion in the kidney. HCl-fed rats had increased urine output and low osmolality, probably due to high water intake caused by acidic food.
Upregulation of NBCn1 mRNA and Protein by Chronic Metabolic Acidosis
Real-time PCR and immunoblot were used to analyze NBCn1 expression in the hippocampus. When compared with controls, acidotic rats had a twofold increase in NBCn1 mRNA (P ϭ 0.03) normalized to GAPDH mRNA (Fig. 5A ). Immunoblot of membrane preparations from the hippocampus also revealed a marked increase in NBCn1 protein expression by chronic metabolic acidosis (Fig. 5B ). Analyzed by densitometric measurements of NBCn1 normalized to ␤-actin, the increase was 1.5-fold (P ϭ 0.04, n ϭ 5 for control rats and n ϭ 6 for HCl-fed rats).
We then examined NBCn1 upregulation patterns by immunohistochemistry of rat brain slices. In the hippocampus, the NBCn1 staining was similar in CA1 neurons of the two groups of rats, but increased in CA3 neurons (Fig. 6A) . The increase occurred primarily along cell body membranes and proximal dendrites in stratum lucidum. The staining in dentate gyrus granular neurons remained unaffected (figure not shown). We also observed significant upregulation of the staining in other neurons such as posterior cortical neurons and cerebellar granule cells. The upregulation of NBCn1 in the posterior cortical neurons occurred primarily in the soma. The numbers of NBCn1-positive neurons appear to be similar in control rats and acidotic rats. Quantitative measurements revealed 20 -70% increases in NBCn1 expression in neurons where the upregulation occurred (Fig. 6B ).
Association of NBCn1 Upregulation With Neuronal Death
Our recent study (11) shows that knocking down NBCn1 in cultured hippocampal neurons reduces neuronal death. To examine whether NBCn1 upregulation caused by chronic metabolic acidosis is associated with neuronal death, we induced glutamate excitotoxicity in rats and determined caspase-3 activity (Fig. 7) . Rats fed with normal and HCl-containing chow for 7 days were intraperitoneally injected with NMDA (75 mg/kg body wt), and caspase-3 activity in the hippocampus was determined 3 days later. Active caspase-3 is cleaved from procaspase between 2 and 7 days after NMDA treatment (14) . In the absence of NMDA, acidotic rats had slightly lower caspase-3 activity than control rats (P ϭ 0.04; a in the figure; n ϭ 4 for each), probably due to the protective effect of acidic pH on cell death. Administering NMDA increased caspase-3 activity by 1.9-fold in control rats (from 80.0 Ϯ 12.2 to 151.8 Ϯ 20.3 pmol/mg; the unit is pmole of p-nitroanilide production per mg of total protein; n ϭ 4 for each, P ϭ 0.01; b in the figure). In acidotic rats, however, the same NMDA treatment increased caspase-3 activity by 5.4fold (from 49.5 Ϯ 6.2 to 267.2 Ϯ 21.1 pmol/mg; n ϭ 4 for The PCR cycle threshold for NBCn1 or GAPDH was determined and fitted to the standard curve made from a serial dilution of NBCn1 and GAPDH templates. NBCn1 was then normalized to GAPDH (P ϭ 0.03, n ϭ 3 for each). B: immunoblot of hippocampal lysates. Left, immunoblots of membrane preparations from control and acidotic hippocampi were probed with the NBCn1 antibody. The blots were reprobed with the ␤-actin antibody. Right, mean pixel intensity of immunoreactive bands was quantitated, and NBCn1 was normalized to ␤-actin (P ϭ 0.04, n ϭ 5 for controls and 6 for HCl-fed rats). each, P ϭ 0.001; c in the figure) . Therefore, the caspase-3 activity was significantly increased in acidotic rats after administering NMDA. These results indicate that acidotic rats are more vulnerable to glutamate excitotoxicity.
We then examined NBCn1 expression by immunoblotting a membrane preparation from the hippocampus 3 days after treatment (Fig. 8A) . Administering NMDA to control rats produced negligible effect on NBCn1 expression. NBCn1 was upregulated by chronic metabolic acidosis, consistent with the above results. However, administering NMDA to acidotic rats almost abolished NBCn1 upregulation. Analyzed by quantitative measurements of NBCn1 normalized to ␤-actin (Fig. 8E) , the NBCn1 expression in acidotic rats was significantly lower after NMDA administration (P ϭ 0.01). We also examined NR2A and PSD-95 expression to determine whether these proteins were affected by administering NMDA. Immunoblot probed with NR2A and PSD-95 antibodies revealed negligible difference before and after NMDA administration in both control rats and acidotic rats (Fig. 8E ).
DISCUSSION
Overview
The major findings from the present study are the following: 1) NBCn1 is expressed in neurons in a variety of brain regions; 2) NBCn1 is partially colocalized to PSD-95 in dendrites of CA3 neurons and they interact with each other; 3) NBCn1 is upregulated by chronic metabolic acidosis; 4) NMDA induces more severe neuronal death in chronic metabolic acidosis; and 5) NMDA inhibits acidosis-induced NBCn1 upregulation. These findings are the first demonstration that the Na-HCO 3 cotransporter NBCn1 in the brain is upregulated by chronic metabolic acidosis. Our data are valuable for understanding the physiological and pathological roles of HCO 3 Ϫ -dependent acid extrusion during systemic acid loads and its involvement in neuronal cell death.
Expression and Localization of NBCn1 in the Brain
We generated new antibodies using the last 14 amino acids of rat NBCn1. This antigenic peptide sequence we used to generate antibodies is uniquely present in NBCn1 and exhibits extremely low sequence similarity to other bicarbonate transporters. The specificity of the antibodies is confirmed by the competition experiments (Fig. 1, A and B) . The antigenic ability of this peptide sequence has been previously supported (4, 10, 12, 29) , demonstrating no cross-reactivity to other Na-HCO 3 transporters. Both rabbit and guinea pig antibodies recognize a band of 130 kDa.
Our immunohistochemical data show that NBCn1 is expressed in neurons in a variety of brain regions (Fig. 2) . Those neurons include hippocampal pyramidal neurons, dentate gyrus granular neurons, posterior cortical neurons, and cerebellar Purkinje neurons. NBCn1 is also localized to the basolateral membrane of the choroid plexus epithelia. By ␤-galactosidase staining of mice that have the LacZ gene trap in slc4a7 (NBCn1) gene, Boedtkjer et al. (5) recently demonstrated NBCn1 promoter activity in many neurons and choroid plexus epithelia. The antibody-dependent localization patterns we observe are overall in good agreement with the ␤-galactosidase staining patterns. Nonetheless, we find several differences between the two approaches. First, the staining intensity is not consistent in some cells. For example, our antibody approach shows strong staining in the basolateral membrane of the choroid plexus epithelium, whereas the ␤-galactosidase staining is relatively weak and diffuse in the cytosol. This disparity Fig. 7 . Caspase-3 activity in control versus acidotic rats treated with N-methyl-D-aspartate (NMDA). Control rats and acidotic rats (n ϭ 4 for each) were intraperitoneally injected with NMDA (75 mg/kg body wt), and hippocampi were isolated 3 days later and lysed. Lysates were incubated with the caspase substrate Ac-DVED-p-nitroanilide at 37°C overnight. The production of pnitroanilide was measured by the absorbance at 405 nm. The unit is pmole of p-nitroanilide per milligram of total protein. Positive and negative controls were incubations of purified caspase-3 without lysates in the absence/presence of the inhibitor Ac-DVED-CHO. Fig. 8 . NBCn1, NR2A, PSD-95, and ␤-actin expression levels before and after NMDA administration. A-D: immunoblot of the hippocampus prepared from controls and acidotic rats 3 days after NMDA treatment (n ϭ 4). The blots were probed with antibodies to NBCn1 (A), NR2A (B), PSD-95 (C), and ␤-actin (D). E: quantitative measurements of immunoreactive bands. The bands were quantitated and normalized to ␤-actin.
is in contrast to the staining intensity in hippocampal neurons, where both NBCn1 antibody and ␤-galactosidase staining are equally strong. Second, the antibody stains certain regions of the brain where ␤-galactosidase expression is almost negligible. In the cerebellum, the molecular layer is recognized by the antibody only. Both antibody and ␤-galactosidase stain Purkinje neurons, which project dendritic arbors to the molecular layer. We think that the ␤-galactosidase fusion protein may have difficulty being delivered to dendrites in this layer.
Confocal images of CA3 neurons (Fig. 3) show NBCn1 being localized to both cell body membranes and dendritic processes. The somatic localization of the transporter is an interesting finding because HCO 3 Ϫ -dependent acid extrusion in the cell body is known to be governed by the Na ϩ -driven Cl-HCO 3 exchanger (2). The electroneutral Na-HCO 3 cotransporter and the Na ϩ -driven Cl/HCO 3 exchanger are functionally similar with each other except for their ability to move Cl Ϫ . We note that distinguishing one from another is difficult particularly when these two HCO 3
Ϫ -dependent acid extruders are present in the same cell.
NBCn1/PSD-95 Interaction
NBCn1 can partially colocalize with PSD-95 in dendrites of CA3 neurons (Fig. 3) . The GST/NBCn1 fusion protein pulls down PSD-95 from brain lysates and NBCn1 coimmunoprecipitates with PSD-95 ( Fig. 4) . These data demonstrate that NBCn1 can be present at excitatory synapses. PSD-95 serves as a scaffold and interacts with other proteins to form large molecular complexes in the postsynaptic density of glutamatergic synapses (20) . The interaction occurs between PSD-95 and the PDZ-binding motifs that are mostly located at the COOH-terminal end of the proteins (28, 31, 32) . The interaction recruits signaling proteins, cluster with functionally associated proteins into microdomains, and tether proteins to the cytoskeleton connected to the plasma membrane. Our findings of NBCn1/PSD-95 interaction and colocalization provide evidence that NBCn1 is one of those associated proteins (36) . Furthermore, some PSD-95-bound proteins such as NMDA receptors (13) , nitric oxide synthase (16) , and K ϩ channels (9) are sensitive to pH. This leads us to postulate that "pHregulating" NBCn1 and "pH-sensitive" binding partners may cluster, and the clustering may enable NBCn1 to affect the activity of its binding partners by modulating local pH near the partners. Such interactions may provide a mechanism by which the binding partners exhibit different levels of activity at different synapses.
NBCn1 Upregulation in the Brain During Chronic Metabolic Acidosis
Chronic metabolic acidosis is an acid-base disorder in which arterial pH is below normal (ϽpH 7.3) due to a decrease in plasma [HCO 3 Ϫ ]. The decrease in plasma [HCO 3 Ϫ ] occurs as the kidney reduces its capacity to excrete H ϩ (e.g., reduced ammonium production in the proximal tubules) or retain HCO 3 Ϫ in the distal tubules. The kidney undergoes a variety of adaptive processes during chronic metabolic acidosis to restore plasma pH, and one of the adaptive processes is to alter acid-base transporter expression and activity (39) . Consistent with this adaptive process, NBCn1 protein expression in the rat kidney is significantly increased during chronic metabolic acidosis (23, 26) . The reason for such a dramatic effect is proposed to counter intracellular H ϩ overload caused by an increased NH 4 ϩ uptake from the lumen. The elevation effect is also observed in the thick ascending limb cell line ST-1 when cells are incubated for 24 h in a pH 6.8 medium (unpublished observations). Thus, at least in the kidney and a kidney cell line, NBCn1 expression is elevated in response to acidosis or acidic incubation. Our data in the present study provide novel evidence that chronic metabolic acidosis also upregulates NBCn1 in the brain. A significant upregulation is detected in CA3 neurons, as well as posterior cortical neurons and cerebellar neurons (Fig.  6 ). This upregulation is comparable to an increased level of the transporter in primary cultures of rat hippocampal neurons when cultures are incubated at low pH adjusted by [HCO 3 Ϫ ] (11). Similarly, Kanaan et al. (18) have reported that NBCn1 and NHE are increased by chronic elevation of PCO 2 in the neonatal rat cortex. Kiwull-Schone et al. (21) have shown that NHE3 mRNA is upregulated in rat brain in response to metabolic acidosis. These reports support the idea that brain acidbase transporters, particularly acid-extruding membrane proteins, are upregulated by chronic metabolic and/or respiratory acidosis.
Given the fact that NBCn1 in the kidney is upregulated to counter intracellular H ϩ overload, the transporter upregulation in the brain is probably a compensatory process that helps maintain intracellular pH in the presence of a chronic acid challenge. Dendritic pH changes are greater than somatic pH changes in rat Purkinje neurons (43) . High PCO 2 -induced acidification is faster in more distal regions of the dendrites (33) . These reports suggest that intracellular pH can vary locally in a neuron. We think that NBCn1 upregulation may allow neurons to adjust local intracellular pH, particularly dendritic pH, in response to acidic environments. Nonetheless, we do not exclude the possibility of an extracellular pH effect. NBCn1 may affect extracellular pH at synapses, particularly in the synaptic cleft, where a small change in H ϩ movement across the membrane can cause a large effect on local pH (8) .
Interestingly, our data show that not all of the NBCn1expressing neurons are affected by metabolic acidosis. A substantial upregulation of NBCn1 is found in CA3 neurons but neither in CA1 neurons nor dentate gyrus granular neurons. The upregulation occurs along the cell body membrane and proximal dendrites of CA3 neurons, whereas it is mostly limited to the cytosol in posterior cortical neurons. Thus NBCn1 upregulation in response to systemic acidosis occurs in a cell-specific manner.
Effect of NBCn1 Upregulation on Glutamate-Mediated Neuronal Death
NMDA-mediated excitotoxicity involves Ca 2ϩ influx via the NMDA receptors and multiple signaling cascades resulting in cell death (for review see Ref. 13 ). NMDA receptors are inhibited by low extracellular pH with the half-maximum inhibition at pH 7.3 in cultured neurons (37) , and therefore one might expect that the ability of NMDA to promote neuronal death would be reduced in acidotic rats. However, we instead observe more NMDA-mediated neuronal death in these rats. A significantly higher caspase-3 activity is observed after NMDA administration (Fig. 7) , indicating that acidotic rats are more vulnerable to excitotoxicity. The reason for this increased neuronal death is unclear, but we note that there might be a disparity between in vivo and in vitro results. Urenjak et al. (38) demonstrate that NMDA-evoked currents are not reduced in rats with acid-base challenge. We speculate that acidosis may cause ATP depletion and membrane depolarization, which would remove magnesium block of NMDA receptors.
Our data show a close association of NBCn1 upregulation and NMDA-mediated neuronal death. NBCn1 upregulation is inhibited in acidotic rats with severe neuronal death (Fig. 8) . A possible explanation for this result is that NMDA receptors reduce HCO 3 Ϫ -dependent acid extrusion by inhibiting NBCn1 upregulation and subsequently cause intracellular pH to drop to the level where neuronal death begins to occur. NMDA receptors induce intracellular acidification in cultured hippocampal neurons (42) . NMDA receptors can stimulate acid-sensing ion channels that are activated at low pH and induce cell death by raising intracellular Ca 2ϩ (15) . These effects of NMDA receptors may be mediated by altering NBCn1 protein expression. We note that NBCn1 knockout mice develop slow degeneration of retinal photoreceptors and cochlear hair cells probably due to the inability of these neurons to recover from intracellular acidification (6) .
Alternatively, NMDA receptors may selectively kill neurons in which NBCn1 is upregulated. In this case, NBCn1 upregulation is deleterious to neurons when NMDA receptors are activated. Our observation of lack of NBCn1 upregulation in NMDA-administered acidotic rats may thus reflect selective death of those neurons that have undergone the transporter upregulation. This interpretation is consistent with our previous observation (11) that knocking down NBCn1 in hippocampal neuronal cultures reduces excitotoxicity caused by magnesium depletion.
In summary, our data demonstrate that NBCn1 is upregulated by chronic metabolic acidosis. Our data also provide new evidence that chronic metabolic acidosis can cause neuronal damage, particularly when glutamate levels are increased. NBCn1 upregulation may play a key role in glutamate-mediated brain damage. It will be interesting to investigate the mechanism of how acid load induces the upregulation of the transporter in future experiments.
